Terbium(III) [ Tb(III)] was shown to inhibit the hammerhead ribozyme by competing with a single magnesium(II) ion. X-ray crystallography revealed that the Tb(III) ion binds to a site adjacent to an essential guanosine in the catalytic core of the ribozyme, approximately 10 angstroms from the cleavage site. Synthetic modifications near this binding site yielded an RNA substrate that was resistant to Tb(III) binding and capable of being cleaved, even in the presence of up to 20 micromolar Tb(III). It is suggested that the magnesium(II) ion thought to bind at this site may act as a switch, affecting the conformational changes required to achieve the transition state.
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RNA enzymes require divalent metal ions for activity, either to promote folding or for direct participation in catalysis. The hammerhead ribozyme (Fig. 1A) , a self-cleaving RNA found naturally in plant viroids and virusoids, is an excellent system in which to study metal ion-RNA interactions because of the extensive structural and mechanistic data available (1) (2) (3) (4) . Two independent crystal structures of the hammerhead ribozyme have revealed divalent metal ions binding to six different sites on the molecule (5) (6) (7) . Biochemical methods available to evaluate the role of these metal ions in ribozyme function are limited. The most common approach is to introduce a phosphorothioate modification into the RNA and to examine its effect on the metal specificity of the catalytic reaction (8) (9) (10) (11) (12) (13) . We present an approach to studying metal binding to ribozymes based on the observation that ions that compete efficiently for critical Mg-binding sites can thereby inhibit catalysis. The powerful enzymatic and spectroscopic tools originally developed for use with protein metalloenzymes can then be applied to RNA systems such as the hammerhead ribozyme. Interactions between lanthanide ions and RNA molecules have been studied (14, 15) . The luminescence properties of Tb(III) made it an attractive choice from a list of potential inhibitors (16) . Irradiation (excitation wavelength, 260 nm) of a 1 M solution of ham-merhead 16 (HH16) (17) in the presence of 10 M Tb(III) and 10 mM Mg(II) resulted in sensitized emission from the 5 D 4 state of the Tb ion ( Fig. 1B ). This signal was absent from control samples lacking either RNA or Tb(III). These data indicate that the Tb ion binds to the RNA, resulting in energy transfer from the RNA to the lanthanide ion. We therefore investigated the effects of Tb(III) binding on the hammerhead-catalyzed reaction, a site-specific cleavage of a phosphodiester bond to form 2Ј,3Ј-cyclic phosphate and 5Ј-hydroxyl termini.
Terbium(III) proved an efficient inhibitor of hammerhead cleavage (18) . For example, Tb(III) inhibited the HH8 single-turnover cleavage reaction with an apparent inhibition constant (K i,app ) of 2.0 Ϯ 0.3 M at 25 mM Mg(II) ( Fig. 2A ), and similar values were obtained under multiple-turnover conditions. Two other well-characterized hammerheads, HH16 (19) and HH␣1 (20) , showed K i,app values for Tb(III) of 1.1 Ϯ 0.4 and 0.57 Ϯ 0.08 M, respectively, at 10 mM Mg(II) (21) . Because all three ribozymes were inhibited similarly by Tb(III) despite sequence differences in the peripheral base-paired regions and loops, the data indicate that the binding event that underlies inhibition results from the interaction of Tb(III) with a site in the conserved catalytic core.
The K i,app values for Tb(III) increased with increasing Mg(II) concentrations, indicating that the two ions compete for a site (Fig. 2B ). Competition was confirmed by a chase experiment (Fig. 2C ); when Tb(III) was added to a cleavage reaction after it had already started, the reaction stopped rapidly and completely. When even higher concentrations of Mg(II) were later added to the same reaction, cleavage resumed. The reversibility of this inhibition implied that the Tb(III) adduct rapidly equilibrates with the fully hydrated ion and does not irrevocably damage the hammerhead. This implication was confirmed by direct analysis of the RNA by gel electrophoresis after incubation with Tb(III) for up to 4 hours (22) .
Two crystallographic experiments were performed to determine the location of Tb(III) binding. In one experiment, 2 mM TbCl 3 was allowed to soak into alreadyformed crystals of the hammerhead; in the other, the ribozyme was crystallized in the presence of 2 mM TbCl 3 ( Table 1 ). The high concentration was required to offset the ionic strength of the mother liquor. In both instances, the overall structures were identical to the native hammerhead with the exception of localized regions of positive electron density indicative of metal binding. The difference electron density map from the cocrystallization experiment (Fig. 3A) revealed three bound ions. The site with the highest occupancy was adjacent to residues G5 and A6 in the catalytic core. This Tb ion was the only one observed in the soak experiment. One of the two binding sites with lower occupancy identified in the cocrystallization experiment (38) . The sequence shown is that of hammerhead 8 (HH8), a construct that has been previously characterized (39) and was used for most of the inhibition studies. (B) Sensitized luminescence spectrum of 10 M TbCl 3 in the presence of 10 mM MgCl 2 and 1 M HH16 (solid line). Control luminescence spectra of 1 M HH16 and 10 mM MgCl 2 with no added TbCl 3 and of 100 M TbCl 3 in water (dashed and dotted lines, respectively) are also shown. Excitation was at 260 nm.
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www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 279 ⅐ 2 JANUARY 1998 was located near G16.4 and the loop terminating stem III, whereas the other was located along stem I. Terbium ions at both of these sites bind outside the core of the hammerhead and also make outer-sphere contacts with symmetry-related RNA molecules in the crys-tal, suggesting that they may not be present in solution. It is therefore likely that the observed inhibition of cleavage by Tb(III) results from metal binding to the site adjacent to G5.
An expanded view of this binding site shows that Tb(III) interacts with the basepairing face of G5 in the uridine turn of the catalytic core ( Fig. 3B ). At this resolution, the electron density of the Tb ion cannot be distinguished from that of the water molecules bound to it (23) . The site lies within a substantial concave pocket along the RNA surface, but, unlike most RNA metal-binding sites, no phosphate residues are present nearby. On the basis of the distances between the center of the Tb(III) ion and nearby atoms ( Although the competition data suggest that a Mg(II) ion binds near the core Tb(III) site, crystallography reveals only a weak electron-density peak in this region (7) . Gel-mobility data, however, have shown that a Mg(II)-dependent conforma- tional isomerization of the hammerhead requires G5 (24, 25) . In addition, crystalsoaking experiments have identified a Mn(II) ion 2.1 Å from the Tb(III) site (7) . Because Mn(II) can often replace Mg(II) in RNA crystal structures (26) (27) (28) (29) , we propose that a Mg(II) ion also binds at a site close to that observed for Tb(III). Although the general binding site has remained constant, the shift in the coordination mode may reflect the preference of Tb(III) to bind to single-stranded guanosine nucleotides (30) .
Confirmation of the binding site for the inhibitory Tb(III) ion was provided by experiments in which a 2Ј-amino-modified substrate was incorporated at position 15.3 of an HH␣1-based construct (Fig. 4A ). This position is located ϳ6.7 Å from the metalbinding site. The 15.3 2Ј-amino group was then converted to an acetamide by coupling an acetate to the primary amine with 1-(3dimethylaminopropyl)-3-ethylcarbodiimide (EDC) (31) . The relative cleavage rates of the 2Ј-amino and 2Ј-acetamido substrates are 156 and 73%, respectively, of that of the unmodified species; however, the 15.3 2Јacetamido-modified RNA was no longer sensitive to the presence of Tb(III) up to 20 M in the cleavage reaction mixture (Fig.  4B) . Under similar conditions, both the wild-type and 2Ј-amino substrates were completely inactive due to Tb(III) inhibition [Tb(III) K i,app values: 0.57 Ϯ 0.03, 1.3 Ϯ 0.4, and Ͼ20 M for the wild-type, 2Ј-amino, and 2Ј-acetamido substrates].
The core Tb(III)-binding site is located adjacent to G5. This residue lies in the center of the four-nucleotide uridine turn that has been suggested to constitute part of the catalytic pocket (6) . Mutation of G5 to A (32) or deleting it entirely (33) reduces the cleavage rate by four orders of magnitude, identifying this residue as critical for catalysis. Even the incorporation of inosine or 2-amino purine at this position results in a reduction in rate by a factor of 100 (4) . Nevertheless, in the crystal structure, this guanosine base is 10 Å from the cleavage site and does not make direct hydrogen-bonding contacts to the rest of the RNA molecule. For this reason, it has been proposed that G5 might undergo rearrangement on approach to the transition state (4, 34) . It is thus possible that metal ions binding in this vicinity act as switches that help to control catalytic activity.
At least two hypotheses can be proposed to explain the inhibition of the hammerhead ribozyme by Tb(III). Whereas both assume that the tighter binding Tb(III) ion acts by displacing a weaker binding Mg(II) ion, they suggest different roles for the Mg(II) ion during hammerhead catalysis. In the first scenario, the Mg(II) ion assists in forming the transition-state structure, perhaps by maintaining a particular orientation between G5 and the nearby stem III. The essential functional groups on G5 would then be needed to correctly position the Mg(II) ion. Because of its different coordination preferences and size, Tb(III) may not be able to maintain this structure properly. In the second proposal, the Mg(II) ion must be released in order for G5 to participate in the transition-state structure. By binding much more tightly than Mg(II) at this site, Tb(III) acts by locking the ribozyme in the crystallographically observed conformation. This latter hypothesis implies that not all of the Mg(II) ions that bind the hammerhead help to promote catalysis; instead, some may either inhibit catalysis or have no effect at all.
The synthetic modification experiments begin to address the issue of which model most accurately represents the function of the Mg(II) ion bound to G5. The bulky group on the 2Ј position of 15.3 renders the hammerhead resistant to Tb(III) inhibition, presumably by sterically blocking the binding site. However, the rate of cleavage of this modified RNA in the presence of Mg(II) is similar to that of the unmodified species. If the Mg(II) ion that normally binds to G5 is also unable to interact with this modified hammerhead, it must not be essential for the transition-state structure. Whereas these data appear to refute the first mechanism presented above for Tb(III) inhibition, further studies will be required to show definitively that this Mg(II) is indeed displaced by the 2Ј-acetamido modification. The proposal that this metal ion is released before the transition state is achieved is consistent with the mechanistic data currently available, but leaves open the actual role of G5 in hammerhead ribozyme catalysis.
We studied the binding of the physiological divalent metal ion Mg(II) to the hammerhead ribozyme by competition with a nonphysiological trivalent ion, Tb(III). This approach allowed us to propose a role for the Mg ion that binds adjacent to G5. It binds to the ground-state conformation and is released before the transition state is achieved, possibly in such a way that it helps to control this process. Such experiments, however, are limited neither to the Table 1 . Summary of crystallographic data. Data were collected with 0.870 Å x-rays on a 30-cm MAR imaging plate detector at 100 K. Crystals were rapidly frozen in the reservoir solution containing 20% (v/v) glycerol as a cryoprotectant. Data were processed with Mosflm (35) and CCP4 (36) , and the model was refined with X-PLOR version 3.1 (37 hammerhead ribozyme nor to these metal ions. Any RNA for which an assay is available to monitor metal exchange can, in principle, be used. Folded RNAs provide complex surfaces to which different metal ions can bind, with each site having its own specificity. The binding site observed with one competitor, therefore, may not necessarily be the same as that observed with another. Because few RNAs have been crystallographically characterized, the current challenge is to develop structural or functional methods to identify unique metal ion sites on these complex folded RNA structures.
Gene expression was visualized in single living mammalian cells with ␤-lactamase as a reporter that hydrolyzes a substrate loaded intracellularly as a membrane-permeant ester. Each enzyme molecule changed the fluorescence of many substrate molecules from green to blue by disrupting resonance energy transfer. This wavelength shift was detectable by eye or color film in individual cells containing less than 100 ␤-lactamase molecules. The robust change in emission ratio reveals quantitative heterogeneity in real-time gene expression, enables clonal selection by flow cytometry, and forms a basis for high-throughput screening of pharmaceutical candidate drugs in living mammalian cells.
Biological specificity is mediated by the precise and selective regulation of gene expression in response to intrinsic developmental programs and extrinsic signals. To understand the regulation of gene expression, it is essential to use an assay of high sensitivity and fidelity that reports expression at the level of the single living cell. SCIENCE ⅐ VOL. 279 ⅐ 2 JANUARY 1998 ⅐ www.sciencemag.org
